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INTRODUCTION AND SUMMARY W. ALFF 
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The Large Deployable Reflector (LDR) 1s a NASA concept of an earth-orbiting astronomical telescope 
for Infrared to submil llmeter observations. The telescope Is diffraction limited at 30 microns, and 
the nominal primary mirror diameter Is 20 meters. The primary mirror Is not actively cooled and to 
have a temperature of 200 K or less. Other performance and systems specifications, which are tentative 
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LDR FEASIBILITY UPDATE 



The purpose of this study was to re-evaluate certain feasibility issues in the light of technology 
developwients and LDR studies carried out since the initial LDR study by Lockheed. The issues lie in 
the areas 
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LDR FEASIBILITY UPDATE 



This foil summarizes the main results of the study. In agreement with Perkin Elmer, lightweight, low 
expansion glass segments are preferred over either metal or composite structures. The segment shape 
is not a critical issue (hexes or trapezoids) but the size deserves further consideration because of 
a possible significant impact on segment phasing and sensing control requirements. 
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- LIGHTWEIGHT FUSED SILICA 
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CRYO'COOLER DISTURBANCES CAN BE LARGE 


In addition to the reconwendatlons listed In this foil, LMSC urges that a closer look be taken at these 
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LDR MIRROR SEGMENTS 
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Two important merit parameters for mirror as well as structural materials are: the resistance to thermal 
deformation, namely k/o , where k is the thermal conductivity and a the linear thermal expansion 
coefficient; and E/p^, or E/p, where E is Y oung's mo dulus and p the specific density. (The Idwest 
vibrational mode of a plate is proportionaWto E/p^). This foil shows candidate mirror (segment) and 
structure materials at room temperature: It is seen that ULE is outstanding mirror material. 





LDR MATERIALS AT ROOM TEMPERATURE 


ORIGINAL PAGE H 
OF POOR QUALITY 



3/2 



This foil shows the same materials (as the previous foil) but the mirror materials are now at the presumed 
LDR ambient operating temperature of 175 K: The situation has changed: ULE has slipped in terms of these 
merit in favor of fused silica which seems no better than aluminum, whereas beryllium is now outstanding. 
The question arises: why not choose A1 or Be? The next foil lists some answers. 
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LDR flATERJALS AT OPERATIONAL TEMPERATURES 






It may very well be argued that the Initial raw material cost of LDR materials should not be of great 
concern since the total design and fabrication cost of the system Is very much larger: Therefore only 

the best material. In terms of the physical and optical properties, should be considered In a final 
selection. This foil gives some reasons why It seems likely that only the low expansion glasses are 
viable candidates for mirror materials. (It should be remei\ibered that operation of the LDR at 2 microns 



WHY NOT ALUMINUM OR BERYLLIUM? 
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SCAHERING BROF HEASURENENTS (AT 10.6 /im) 
OF SELECTTED NIRROR SURFACES 


ORIQINM. PAOI H 
OF POOR QUALrrV 
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ALUMINIZED 
FUSED SILICA 



Having settled on fused silica as the choice of LOR segrtent material we consider further the operating 
temperature of the LOR primary mirror: This foil shows how the linear expansion coefficient of the 
fused silica systems varies with temperature and with the amount of TiO^: If the LOR temperature is 
-100 ®C (about 175 K), then 3 % doping «tould provide the lowest value of a and highest resistance to 
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This foil suimarlzes arguments pro and con the preferred segment diameter. They can be divided Into 
two categories: (1) manufacturing . handling and deploment considerations I.e. practlollty, and (11) 
performance. PE strongly favors small segments (1-2 m), whereas we preferred (In the 1979 study) 
large segments, to reduce operational complexity. We feel that the Issue requires further study. 




SEGMENT SIZE H m VERSUS <2 H DIAMETER 


ORIGINAL PAGE S 
OF POOR QUALITY 
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Some of the more Important Issues of segment design are addressed here. The thermal study (see: SUNSHADE) 
shows that the main heat flow through the LDR primary mirror, which determines the thermal stress of tte 
segments. Is from the back to the front. In that flow, radiation transfer within the se^nt core (by 
silvering the walls and blackening the top and bottom surfaces) can be Important. The rear face plate 
(In a closed core design) Is thus not the primary barrier in the heat flow aided by conduction, but the 



u 




to 




0) 




u 




0) 




JC 




4-> 




<*- 




«»- 

• 



o 








o> 

o 



c 

4- 



*r“ 


(O 


> 

(/) 

CM 






0) 





■M 


'r 

C 

c 


\ 





C 

•o 



(U 

0) 



JZ 



4 

•M 

to 







(U 








<d 

«/> 



-M 

0) 



c 

C7> 


i 

<o 

lO 



> 

+J 



•o 

c 



<o 

<e 




> 



I— 

■o 



s 

« 



c 




01 

0) 



jC 

JC 




4J 




o 



o 




c 

(/) 




ID 



lA 




•r* 








0> 

0) 


4 


» 


f 

0) 




.c 

lA 



1- 

<0 



• 

<A 


* 


(A 




0> 


■ 


e 






i 

<u 

<4- 


1 

u 

*r“ 


i 

o 

■M 


I 

o 

«A 


1 

1 






SEGMENT DESIGN; OPEN VERSUS CLOSED CORE (GLASS) 



EASIER ACTUATION CAPABILITY 
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SEGMENT SHAPE: HEXAGONAL VERSUS TRAPEZOID 
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A second issue addressed in the study was the need and the preferred design of a thermal enclosure of the 
LDR (loosely called sunshade) providing low mirror temperature and gradients. 
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GENOA 



LDR is presently visualized as a passive system in that the primary mirror is ambient and there is no 
segment figure control. The operating temperature is to be less than 200 K. Can this be achieved without 
an extensive thermal enclosure, and can the thermal gradients be held within required bounds? 



LDR SHIELDING CONSIDERATIONS 



If the axial (across -the-mirror) temperature variations are large, scanning the field of view by secondary 
mirror oscillation (chopping; cf. section on CHOPPING) Introduces a false signal as the effective primary 
mirror area shifts back and forth. If there Is no sunshade, the temperature at opposite sides of the 
mirror (one side having grazing Incidence sun, the other the sun almost 30^ from the segnent vertical) 
varies by as much as 45 ^C. This difference occurs because the thermal relaxation time through the segments 
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LDR RADIAL TEMPERATURE GRADIENT 
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LDR SUNSHADE CONCEPTS 



One may divide sunshade into symmetrical and non-symmetrical ones. The latter require reorientation with 
retargeting of the LDR, and some, the balloon, umbrella and scoop do not provide shading from the 
earth. On a conceptual level then, the symmetrical shades are prefereable. 
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SUNSHADE CONCEPTS 









A quasi-spherical LDR enclosure was briefly considered, made of inflated l-ft diameter tubes. The attractive 
features are light weight and easy storage and deployment, if no further support structure is required. 

It disadvantage is that heat flow to the exterior from the LDR primary through the shade is slow, e.g. compared 
with the preferred cylindrical sunshade discussed later on. 




This foil sunmarizes the conceptual assessment of the various sunshade designs depicted earlier. In 
storage and deployment, support structure must be considered. Concerning operation (divided into simple 
and complex), the symmetrical designs were preferred (simple) since they require no re-orientation. 
However, the impact on dynamic control of the LDR by the sunshade is a complex issue which was not 
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SUNSHADE SUITABILITIES 





Two versions of a 25 tn long cylindrical thermal enclosure were considered - the straight design shown 
here and a design with a flared n™outh. Both have a conical section enclosing the back of the LDr but not 
including the equipment section (spacecraft). The spacecraft radiates toward the conical enclosure, and 
heat is transferred, by conduction, toward the back of the LDR mirror. 
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CYLINDRICAL SUNSHADE 




A flared cylinder has the advantage of providing better rejection of the Incident radiation as well 
as better view angle to space for radiation of internal heat away from the mirror. This advantage is 
paid for in terms of greater weight and moment of inertia, impacting depoyment and operation of the 
LOR. 
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FURED CYLIHDRICAL SUNSHADE 
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30-deg MAXIMUM INCIDENT SOLAR ANGLE 






This foil lists the physical properties of the cylindrical LDR sunshades, including the absorptivity/ 
emissivity ratio of the enclosure material (silverized Flexible Optical Solar Reflector, FOSR), and 
of the thermal blanket covering the rear ot the LDR primary mirror. The thermal behavior was modeled 
using nunerous thermal nodes and standard modeling programs. 
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LDR - SUNSHADE THERWU. PARAMETERS 




The performance of the straight and flared sunshades was evaluated using the nominal LOR orbit and an 
orientation of the spacecraft such as to obtain a realistic assessment of the LOR average mirror temperatuiie: 
This involved the specified 60^ sun angle but an earth 11mb avoidance angle of 60^ Instead of 45^, kept 
constant over the orbit - In contrast with the actual situation In which the telescope Is pointed at a 
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SUNSHADE STUDY: ORBITAL MODEL 





SUNSHADE STUDY RESULTS 
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The next four foils show examples of the variation with time (in orbit) of various points on the sunshade 
(the cylinder) and the mirror itself. It is seen that (i) although the temperature of the enlosure at some 
points may vary strongly with time, the mirror temperature stays practically constant, and (ii) the flared 
sunshade is in every case more efficient than the straight cylinder* and (iii), the cylinder temperature 
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SHADE TEMPERATURES: STRAIGHT SHADE 
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The net heat transport through the mirror is maintained by a temperature difference between front and 
back, aT,. Considering only conduction through the mirror, for the moment, we find that for the "optimal" 

o 

PE segment, with a segment thickness h=5 cm, and segment dimensions as shown in the figure (left bottom), 
core cross-section (segment area A), AT^^esl ^C. As a result of the temperature difference, the segment 
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AXIAL TEMPERATURE GRADIENT 
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If the walls of the cells of the segment core are silverized and the top and bottom made highly emissive, 
radiation transfer through the core aids in reducing the thermal gradient, as shown in this 

foil. 
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EFFECT OF RADIATION TRANSFER 
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To obtain a more detailed picture of the LDR temperature distribution and variation with time, 
an accurate, detailed model of the LOR minion profile must be available. This model includes 
slew rates, orbit, heat Inputs by the Instrument package, etc. The results obtained with the 
numerical calculations here are encouraging concerning the passively obtained LDR temperature 
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TOTAL: 1985 kg + MECHANISMS 
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A detailed structure of the LDR dish and secondary mirror truss was generated. The model is outlined 
further later on. The mirror diameter is 20 m. f No. 0.5; the structural members are Graphite/Magnesi 
cylindrical tubes of various, diameters, as required to provide a nigh stiffness to weight ratio. The 
lowest normal frequency (bending mode) is about 6 Hz. The total mass is about 12.000 kg. which is 
within the allowed weight budget of the LDR 
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The next 3 fo^s discuss reasons why Gr/Mg was chosen as structural material. As in the case of the LDR 
segment material we argue that only the best material (resulting in minimum active control of the LDR) 
should be considered since the basic material cost -as compared with the total system cost- is negligible 
(An estimate of the materials cost of the LDR structure is less than 0.5«) 
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FIGURE OF MERIT 

SPECIFIC STIFFNESS VERSUS THERMAL DEFORMATION RESISTANCE 
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The cost of the main Ingredient of the metal matrix materials, the precursor wires, is steadfly decreasing 
with time. 
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VOLUME ^ 393 cu 


If the LDR dish is sectioned into 16 sections and two are packaged together as shown in this foil, the 
total volume the packed dish requires is about 2 shuttle loads. To this must be added the volume required- 
by the rest of the system: spacecraft, sunshade, solar arrays and antennas, etc. We conclude that a highly 
sophisticated packaging scheme needs to be devised to pack LDR into or® shuttle. Such a packaging scheme 
could require a highly sophisticated deployment mechanism and perhaps extensive manual assistances including 
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SHUTTLE PAYLOAD BAY VOLUME 393 cu 
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This foil list important issues concerning the pointing and vibration control of the LDR which will 
be addressed. 
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POINTING AND VIBRATION CONTROL STUDIES 
CONTROL ISSUES 



Of the various disturbance sources affecting LDR pointing perfonnance, thermal, gravity gradient and 
solar loads are slowly varying and relatively easy to handle with the low bandwidth alignment and figure 
control system (tllt/plston control of the segments). The other disturbances Involve dynamic effects 
which have to be addressed specifically by the strawman control system discussed later on. 
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POINTING AND VIBRATION CONTROL STUDIES 
DISTURBANCE SOURCES 
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This foil explains the criteria in the selction of a strawman control model for the study of the performance 

of the LDR. In addition, the model selection is influenced by the amount of effort required to develop 
such a model . 
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POINTING AND VIBRATION CONTROL STUDIES 






The characteristics and limitations of the finite element model used to develop the strawman control 
model are shown in the next two Vu-foils. It is a complex model, represented by a large amount of data. 
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LDR STRUCTURAL MODEL (1 OF 2) 
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THE STRUCTURAL MODEL DOES NOT INCLUDE THE SUNSHADE 


Although tl«e r.unshade was not modeled. It will not pose a critical problem for the attitude control 
system when Included because of the type of controller used will always account for flexibility effects. 
However, the sunshade will likely rrduce the spacecraft maneuverability. 
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LDR STRUCTURAL MODEL (2 OF 2) 



ACTIVE ISOLATION 


The first normal mode of vibration of the LDR is a bending mode at about 6 Hz. 



STRAWMAN STRUCTURAL MODEL 




The front view of the LDR backup structure shows 12 radial ribs. Nine points were selected on each rib 
(total of 108) to compute the RMS surface error during and after slewing of the LDR (discussed later on). 
The same points were used to define the optical axis of the mirror in terms of the average normal to the 
surface to compute the LOS error (during and after slewing). 



STRAWMAN STRUC'. URAL MODEL 
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The state space model, which is the starting point for the control design, is derived from the structural 
model shown earlier. This state space model may be further simplified for the control synthesis. An 
evaluation model is necessary. to study the effects such as nonlinearities and loss of accuracy due to 
model reduction. 
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CONTROL DESIGN METHODOLOGY 







The classical modal representation of the structure is shown here, represents the natural frequencies 
of the structure including the rigid body modes; f represents the forces applied at the nodes. In practice 



LDR CONTROL MODEL 
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STATE SPACE MODEL 



The control Integration combines the advantages of LAC and HAC while minimizing their disadvantages. This 
results In a structure which has very high performance yet Is very stable. 


HIGH AND LOM-AUTHORITY 
CONTROL INTEGRATION 







INTRODUCTION AND SUMMARY 





Space chopping is a technique used by astronomers to improve the signal-to-noise ratio (SNR) of weak 
sources. By rapidly switching the telescope field-of-view andsubtracting the two signals, weak sources can 
be detected in a region of comparable background IR radiation. 



SPACE CHOPPING 
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This chart shows the desigtoptimization procedure. 



Two type*:^ of actuators to be used In driving the secondary mirror are shown, electromagnetic and 
elctrodynamic. The electromagnetic actuator uses a permanent magnet an a moving coil to generate 
force. The electrodynamice actuator has two powerd pole pieces and is analogous to a series wound 
dx. motor. It has the advantage of using a very narrow gap to generate strong magnetic Interactions. 




ELECTROMAGNETIC AND ELECTRODYNAMIC ACTUATORS 




This chart shows a typical mirror actuator configuration with principle geometric quantities. The 
technique for using actuator motion to cancel reaction forces is illustrated. 





Typical position versus time traces are shown here for a 20 secondary mirror chopping. Note the 
increase in the time available to move the mirror between the two endpoints when the duty cycle 
is decreased from 90% to 80%. 


EFFECT OF DUTY CYCLE VARIATION 






This schematic diagram shows the transition periods of acceleration, coasting, and deceleration. A minimum 
amount of energy is dissipated when X =0.33=1/3 



TRANSITION PERIOD DETAIL 
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The design equations used to optimize a mirror/actuator system with respect to minimum electrical 
dissipation are shown here. This design is for a fully reaction-cancelling system. 



DESIGN OPTIMIZATION - RELEVANT EQUATIONS 
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DESIGN OPTiniZATION SEQUENCE 



The required actuator force and power are shown as a function of the figure of merit for the particular 
example of the 10 cm diameter SIRTF mirror and a 20 Hz chop. 
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This diagram shows the actuator moving pole mass and the actuator arm length as a function of the 
figure of merit for the same example as previously shown. 
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The foild shows the basic secondary mirror choppin9 requirements. 



SECONDARY MIRROR CHOPPING 
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ACTUATOR FORCE AND POWER DISSIPATION 
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This chart simnarlzes the results for LOR secondary mirror chopping at various rates. Note the rapid 
increase in actuator force, power dissipated and transmitted disturbing force with chopping frequency. 
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ACTUATOR FORCE AND POWER DISSIPATION 




Here are several LDR secondary mirror chopping actuator designs for an optimized 2 HZ chop as well 
as modified designs when the actuator arm R-| Isshortened to a realistic length (10 cm). Note that 



LDR MIRROR/ACTUATOR DESIGN 
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INTRODUCTION AND SUMMARY W. ALFF 



POINTING AND VIBRATION CONTROL SYSTEM (PVCS) 



PVCS REQUIREMENTS 





The PVCS block diagram shows the important elements in the control of the LDR. The presence and the complexity 
of a particular block depends on the structure and the performance requirements. The elements on the r"5ght of 
the dotted line have to do with the figure control /al ignment system, which may be totally independent of the 
pointing/vibration controller if vibrations can be reduece to a low enough level. This system may use a capacitive 















The control approach for the design of a PVCS for the LDR Is shown in this Vu-foil. 



CONTROL APPROACH 
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The pointing end stability requirements of the LDR are met by reducing the vibrations at two different 
levels. The optical system is isolated from the backup structure by the use of force actuators. The 
vibrations are further reduced by introducing active damping into the backup structure. 



STRUCTURE AND CONTROL 
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The imporunt elements of e technology which has great potential for the pointing and control cf large 
systems. Active Control of Space Structures (ACOSS). are described in this Vu-foil. 



ACOSS VIBRATION AND POINTING CONTROL 
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The LDR control system simulation block diagram Is shown here. The command generator gives the attitude and 
rate commands depending on the nodding and slewing requirements. The LDR control model is derived from the 
finite elwnent structural model described earlier. The state vector x contains both rigid bo<^y modes and 
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SIMULATION BLOCK DIAGRAM 




This chart defines the various mathematical symbols used in the analysis discussed on the following foil. 


SYMBOLS 
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The system equations are showns here. The Line-Of-Sight (LOS) vector is defined as the perpendicular to a 
plane passing through 36 points on the primary mirror surface. The matrix Q transforms the states to 
LOS. The matrix R represents the error in the LOS due to secondary mirror motion. The vector & is the 
z displacement, due to vibrations, at points (108 in all) on the mirror. In the simulation F is 40x40, 
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SYSTEM MATRICES 
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This Vu-foil shows the output of the finite element program. The eigenvector matrix ^ has the dimensions 
3000x24. 
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OUTPUT OF FINITE-ELEMENT PROGRAM 
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NO. OF JOINTS NO. OF D.O.F NO*. OF MODES 



The open and closed loop poles of the PVCS are shown here. The poles are symmetric about the real axis, and 
only the left half top part of the complex 8-plane is shown in the figure. These poles (or roots) represent 
the characteristic frequencies (and associated damping) of the system. Damping is increased as the poles move 
to the left of the jw-axis. 
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The amount of torque required to slew the LDR varies inversely with the square of the slewing time and 
directly with the slewing angle. The figure on the right shows the amount of torque required to slew (or nod) 
the LDR about the x-axis with a bang-bang torque profile. Note that the maximum torque requirement to nod 
120 arcsec in 1 sec and to slew 120 degrees in 1 minute is the same and equal to 800 N.m. 
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Different torque profiles can be used to slew the LDR. The bang-bang torque requires the minimum maximum 
torque. To perform the same slew the sine-versine torque profile requires a peak torque which is 2.6 times 
larger. However, the bang-bang torque produces much higher levels of vibration compared with the other 
torque profiles shown in the Vu-foil. 
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Earlier 1t was shown that the peak torque requirement for a 120 arcsec nodding In 10 sec Is equivalent to 
slewing by 120 degrees In 1 minute. From the figure and the equations In this Vu-foll It can be seen that 
for the same torque level, the vibration level varies Inversely with the cube of the period (maneuver tine). 
Thus nodding potentially produces much higher levels of vibration than slewing. Since the slewing requirement 
Is 120 degrees In 5 minutes. If we satisfy the requirements during nodding then we satisfy the requirements 



SINE-VERSINE TORQUE SHAPING 







The perforwnce of the LOR durins a 120 arcsec nodding about the x-axIs In 1 sec Is shorn on the next four 
Vu-folls. The performance regulrements are not met using a bang-bang torque comand without feedback 
(I.e. «T»0). Notice the high frequency vibrations excited by the bang-bang torque. 
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BANG-BANG OPEN-LOOP PERFORMANCE 



REQUIREMENT 






The control requirements are met using a sine-versine torque profile. Notice the small amount of residual 
vibrations ater 1 sec. 
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This figure shows the effect of the feedback on the nodding performance using a bang-bang torque. All the 
control requirements are met. The feedback system superimposes a small amount of control correction torque 



BANG-BANG CLOSED-LOOP PERFORMANCE 







I he effect of feedback on the nodding perfonnance of LDR with a sine-versine torque profile is to damp the 
small residual vibrations; as before, perfonnance requirements are met. 
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SINE-VERSJNE CLOSED-iOOP PERFORMANCE 






This foil shows the characteristics of a state-of-the-art CMG which can be used to slew or nod the LDR. 
Note that, since the peak torque required for nodding is only about 2400 N.m. , the peak power will be much 
less than the max peak power indicated on the Vu-foil , i.e. less than 200 W. 
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This foil shows the CMG noise PSD. It has two peaks: one corresponding to the wheel speed and another at about 
40 % of the wheel speed. 
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The table on this Vu-foil summarizes the effect of cryo-cooler disturbances on LOS error. The rms error 
due to cry-coo'iers is high and does not meed the performance requirements. Two steps should be taken to 
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CONCLUSIONS AND RECOMMENDATIONS 
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FURTHER STUDIES 


APPENDIX 




LDR REQUIREMENTS 


Mirror diameter 

20 m 

F No. 

aS" 

On-axis system 

- 

Primary emissivity at 100 ^m 

5% 

1 im 

1% 

Diffraction limit at 

30 y^m 

Light bucket mode- at 

2 

Field-of-view 

1-10 min 

Mirror temperature 

150-200 K 

Mirror surface temperature gradient 

TBD 

Pointing accuracy 

0.06 T 

Pointing stability 

0.03 s 

Sun avoidance 

o 

o 

Earth limb avoidance 

45° 

Off-axis rejection 10/»m c A <100^ m 

> 100 yu.m 

lo'^^w/Hiz 

lo'^^w/lTTz 

Slew 

120° in 10 min 

Orbit inclination 

28.5° 

Orbit altitude (circular orbit) 

700 km 

Comet tracking rate 

0.4 ?/s 

Secondary mirror diameter 

TBD 

Chopping with secondary. 

2 Hz 

" , throw 

1 min 

" , duty cycle 

80% 

Nodding requirements 

TBD 
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